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@ Integrated proceaa for epoxide production involving hydrogen peroxide oxidation on a titanium 
sliicazKe catalyst. 



@ Epoxides are produoed by an integrated process Involving air oxidation of an aiyl-substituted 
secondary alcohol to fonm a Icatone and hydrogen peroxide, epoxidation of an olefin by the secondaiy 
alcohol oxidation product In the presence of a titanium sllicalite catalyst, and regeneration of the 
secondary alcohol t>y hydrogenation of tiie ketone. 
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FIELD OF THE INVENTION: 

This invention relates to an integratBd piooess for producing an epoxide wtierein th only reactants oon- 
sumed in th overail process are olefin, molecular oxyg n, and hydrogen. In particular, th invention pertains 
5 to a process whereby an oxidant mixture comprised of an aryl-substituted secondary alcohol, an aryl- 
substituted ketone, and hydrogen peroxide is generated by reaction of the alcohol with molecular oxygen and 
then reacted with an ethylenically unsaturated substrate in the presence of a titanium sflicaiito catalyst The 
aryl-substituted ketone is re<^ded back to aloohd by hydrogenation. 

10 BACKGROUND OF THE INVENTION: 

EpoxMes such as ethylene oxide, propylene oxide. 1,2-butene <»dde and the like are useful intermediates 
for the preparation of a wide variety of products. The oxirane lUnctionaiity In such compounds is highly reactive 
and may be ring-opened with any number of nucleophlllc reactants. Forexample, epoxides may be hydroiyzed 
15 to y»ld glycols useful as anti-freeze oomponento or reactive monomers for the preparation of condensation 
polymers such as polyesters. 

Poiyether polyols generated by the ring-opening polymerization of epoxides are widely utilized as inter- 
mediates In the preparation of potyurethane foams, elastomeiB, sealante, coatings, and the like. The reaction 
of epoxides with alcohds provides glycol ethers, which may be used as polar soivente in a number of applh 
20 cations. 

Many different methods for the preparation of epoxides have been developed. One such method involve 
the use of certain titanium silicalite compounds to catalyze olefin oxidation by hydrogen peroxide. This method 
is described, for example, in Huybrechts et ai.. J. Mol. Catal. 71. 129(1992), U.S. Pat Nos. 4,824.976 (Qerici 
et ai.) and 4.833.260 (Neri et ai.). European Pat. Pub. Nos. 311,983. 190,609, 315.247 and 315.248. Belgian 

25 Pat. Pub. No. 1,001.038. Cleric! et al., J. CataL 129.159(1991). and Notari. in Innovation in Zedito Material 
Sdenoe,* Studies In Surface Science and Catalvsfa , Vol. 37, p. 413 (1988). 

However, the outcome of synthetic reactions catalyzed by titanium silicalites is highly unpredictable and 
seemingly minor changes In reactants and conditions may drastically change the type of product thereby ob- 
tained. For example, when an olefin is reacted with hydrogen peroxide in the presence of titanium silicalite the 

30 product obtained may be either epoxide (U.S. Pat No. 4,833,260), glycol ether (U.S. Pat Na 4,476.327), or 
glycol (Example 10 of U.S. Pat Na 4,410,501). 

The prior art related to titanium slilcalite-catalyzed epoxidation teaches that it is beneficial to employ a hy- 
drogen peroxide solution that does not contain large amounts of water and recommends the use of an oiganic 
solvent as a liquid medium for the epoxidation reaction. Suitable solvents are said to indude polar compounds 

35 such as alcohols, ketones, ethere, glycols, and acids. Solutions in tert-butanol, methanol, acetone, acetic acid, 
and propionic acid are taught to be most preferred. IHowever. hydrogen peroxide m ourrentiy avaflabie oom- 
mercially only in the form of aqueous solutions. To employ one of the organic solvents recommended by the 
prior art. it will thus be necessary to exchange the waterof a typical hydrogen peroxide solution for the organic 
solvent This wfll necessarily increase greatiy the overall costs associated with an epoxidation process of this 

40 type. Additionaliy. concentration of hydrogen peroxide to a pure or nearly pure state is exceedingly dangerous 
and b normally avoided. Thus, it will not be practicable or cost-effective to simply remove the water by distil- 
lation and replace It with the organic soh^ent Since hydrogen peroxide has a high sdubflity In and high affinity 
for water, liquid-liquid extraction of hydrogen peroxide from an aqueous phase to an organic phase will not be 
feasible. Moreover, many of the sohrents taught by the prior art to be preferred for epoxidation reactions of 

45 this type such as tert-butanol. ac^one. and methanol are water misdbie and thus could not be used in such 
an extraction scheme. An epoxidation process wherein a readily obtained oxidant solution containing hydrogen 
peroxide and an organic solvent which promotes high yields of epoxide products is employed would thus be 
of significant economic advantage. 

60 SUMMARY OF THE INVENTION: 

This invention provides an integrated process for the production of an epoxide comprising the steps of 

(a) contacting an aryl-substituted secondary alcohol with molecular oxygen under conditions effective to 
form an xidant mbcture compris dofth secondary alcohol, an aryl-substituted keton corresponding to 

55 said secondary alcohol, and hydrogen peraxid ; 

(b) contacting th oxidant mixture with an olefin and a catalytically eff ctive amount of a titanium sQicaiite 
foratlm and at a temp rature f fective to oonv rtth lefinto poxid ;and 

(c) reacting the aryl-substituted Iwtone with hydrog ninth prssenceof atrensiti n metal hydrog nation 
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catdystunderoondWonaeffectlvetooonvertth keton to the aryl-subsfltut d secondary alcohol 

BRIEF DESCRIPTION OF THE DRAWING: 

Figure 1 Dlusfrates in schemalic form a suitable embodiment of the process of the Invention. 
DETAILED DESCRIPHON OF THE IIWENTION: 

It has now been surprisingly discovered that exceptionally high yields of epoxide are convonlentty and eco- 
nomically realized through the utDbation of an Integrated process wherein a crude oxidant mbcture generated 
by air oxidation of an aryl-substltutad secondary alcohol is contacted with olefin In the presence of a ttanium 
sillcalite catalyst The aryl-substituted ketone co-product is readily converted In whole or In part by hydrogen- 
atton back to alcohol for a ftjrtheralroxldatlon/epoxWation cyde. The titanium sDlcalltecatalystshowB Ittde ten- 
dency to be deactivated or poisoned by the contaminants In the crude oxidant mbdure. rendering the prooess 
highly suitable (br use on a commercial scale. 

The high epoxkle sdectivitles achieved with the process of this Invention were unexpected in view of the 
lact that the oxidant mixture, which contains a number of different chemical substances, rnay «f «"Pl(^ 
directly in the epoxktation step without a tedious or costly preliminary purification. Forexampte. minimal 
ether and glycol by-products are formed even though substantial amounts of both water and aloohd. wW* 
are known to react readily with epoxide In the presence of titanium sBlcallte. are typkally p^^ 

"""A^rther surprising aspect of the process of the Inventton Is that high seiecdvlty to epoxide Is atoln^m 
spite of the tactthatsubstentlai amounts of aryl-substituted secondary aloohd are present dunnge^^^^ 

The prior art teaches that primary and secondary alcohols such as benzyl alcohol are readily oxWaed tothe 
corresponding aktehydes and ketones by reacting with hydrogen peroxkte in the presence of titanium sBicalrte 
(U S Pat No 4.480,115). It has now been discovered that only minimal oxidation of an aryl-substituted s&>- 
ondary alcohol to an aryt-substButed ketom» takes place during epoxWatton. despite the fact that both otef in 
and aicohoi are known to react with hydrogen peroxide in the presence of titanium sflteaiite and thus would be 
expected to compete for the available active oxygen. The finding that nearly all of the hydrogen peroxide reacte 
selectively w«h the olefin substrate and not with the secondary alcohol was thus quite unexpected. 
The overaO process of this invention may thus be represented as foltows: 

olefta*Oj*Hj-> epoxkle + H2O 
wherein the epoxide Is the only o^jankJ species produced (other than minor quantities of by-produ^and the 
defin is the only organic species consumed. The process Is consequently exceedingly attracthe fiom a 00m- 

"^thTJirfJ^'oxygen oxklation step of the process, the selectton of an aryl-substituted secondary al- 
cohol is critical to the attainment of the highest possible epoxMe ytelds. as oxktant mixtures obtained by oxh 
datlon of other types of alcohols have been found to provide unsalisfaotorily tow rates of epoxidabon and/or 
kwepoxide8electivity.VVithoutwishingtobe bound by theory.itfebellevedthattte^^^^ 
usIna^iryl-substitutBd secondary alcohol are attributable to the propensity of diaikyl-substituted alcohols to 
yieldoxWantmixtares upon alroxWatkxi wherein retetivelyhighproportionsof active oxyge 
compounds (peroxWes and hydroperoxWes) ratherthan Iree hydrogen peroxWe are present. 

For example, air oxidation of cydohexanoi is reported to yield cyctohexanone peroxide (also r^erred to 
ascydohexand hydroperoxWe) ratherthan amixture of cydohexanoneandfree hydr^en f^l^^^ 
PaL Pub 129.814.). Cydohexanone and hydrogen peroxide are known to react to form 1.1 -dihydroxy dicy- 
dohexyl peroxide (kharasd. et ai.. J. O.^. Chem. 23. 1322 (1958). Similarly, air oxidation of teopropand pro- 
duces a crude oxidant mbdure containing substantial amounte of on^ic perwid^ in a^^ 
oxide (see J. Am. Chem. Soc. 81. 6481 (1959): U.S. Pat Nos. 2.869.989. 3.156.531. and 3.294.488: BnUsh 

'*^TI» sSwSfflV alcohols suitable for use indude those otganic compounds containing at least one carbon 
atom bearing a hydrogen, a hydroxyl group, and at least one aryl group such as those substances correspond- 
ing to the general structure 
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OH 

Rr-C-R^ 
I 

H 



whflfBin R and are the same or different and are selected ftom the group consisting of alkyi, aryi alkyi (i.a-, 

10 an aryl substituted aDcyl group), and aryl groups provided that at least one of R or R^ is an aryl group. 

Preferred alkyi groups Include Ci-Ce alkyi groups such as methyl, ethyl, propyl, n-t>utyl, Isobutyl, sec-butyl, 
tsrt-butyl. n-pentyl, Isopentyf, 1 -methyl butyl, 1-ethyl propyl, neopentyl, tart-pentyl, cydopentyl, n-hexyl, Iso- 
hexyl, cydohexyl, and the like. If an alkyl group is present, it preferably does not contain any secondary or 
tertiary carbons (carbona bearing only one or two hydrogen atoms). Preferred ary! groups include (VC^g aryl 

15 groups such as phenyl, methylphenyl, dimethylphenyl, trimethylphanyl. nHraphenyl, chlorophenyl, bromophe- 
nyl, cyanophenyf, methoxyphanyl, anthryl, pliwananthryl, biphenyl, and the like. Preferred aryl alkyl groups in- 
clude C7-C20 aryl alkyi groups such an benzyl and phenethyl. The substituenis on R and R^ if any, shoukl be 
selected so as not to interfere with the desired air oxidation, epoxidatton, and hydrogenation reactions. The R 
and W groups may be connected so as to form a cyclic structure, as In 9-hydroxyfluorene. More than one hy- 

20 droxyl group may be present If an alkyl group is present, it is praferably a methyl group. Unsubstituted aryl 
groups are prefarred for use In vtew of their relative Inertness under the reaction conditions of the process. 
Most preferably, R Is methyl and W is phenyl (i.e., the aryl-substituted secondary alcohol is alpha-methyl ben- 
zyl alcohol, which is also known as phenethyl alcohol and methyl phenyl carbind). Examples of other useful 
ateohols Include benzhydrol (R and Ri are both phenyl), alpha-ethylbenzyl alcohol (R is ethyl, R^ is phenyl), 

25 alpha-methyl naphthyl alcohol (R Is methyl, R^ is naphthyl), and the like. 

Also suitable for use as the aryl -substituted secondary alcohol component of the invention is the dass of 
anthraqulnds (also referred to anthrahydroquinones) corresponding to the general structure 




wherein R^ and 1^ are the same or different and are selected from hydrogen and C^-Cio alkyl. Illusb^ative ex- 
amples of this dass of aryl-substituted secondary alcohds indude 2-ethylanthroqulnd, 2-tert-butyl anthra- 
quind, 2-tert-amyl anthrequinoi. 

40 The secondary alcohol is preferably selected such t hat it Is a liquki at t he readlon temperetures employed 
during each step of the process and Is misdble with or Is capable of dissdving the other components of the 
readlon mixture other than the titanium sOteaiite and hydrogenatlon catalysts (that is, it acts as a edvenQ. It 
Is desirable that the secondary alcohd have a bollng point at atmospheric pressure of from about 175*^0 to 
350''C. If the secondary alcohol is a solid at the readion temperature used dun'ng any step of the process, it 

45 will generally be desirable to employ a solvent so as to maintain the readion components as a liquid phase. 

The aryl-substituted secondary alcohol is reacted with molecular oxygen from a suitable source such as 
air to yield the oxklant mixture, whteh will typically contain excess aryl-substituted secondary alcohol, the aryl- 
substituted ketone resulting from reduction of the secondary alcohol (and which will have the same hydrocar-^ 
bon skeleton as the alcohd), tiydrogen peroxide, and water. The starting material to be air-oxidized may contain 

50 minor amounts of the aryl-substituted ketone in addition to the alcohd. Generally speaking, the oxidation con- 
ditions are adjusted so as to yield an oxidant mbdure comprised of at least 30 weight percent aryl-substituted 
secondary alcohol, from about 1 to 10 weight percent hydrogen peroxide and less than 4 weight percent water 
(the balance being predominantiy aryl-subMituted ketone). The oxkiation may be either uncatalyzed or cata- 
lyzed (for example, by introduction of a minor amount of a peroxide or hydroperoxide such as t-butyl hydro- 

55 p roxid ), but is most praferably carried out under the conditions described in U.S. Pat. Nos. 4,897,252, 
4,975,266, and 5,039,508 (the teachings of these patents are incorporated herein by reference in thelrentirety). 
T mperatures of fifom 100 to 200^C (more preferably, from 120 to 180*»C) will typically be appropriate for use 
in rder to attain raas nabi oxMafl n rates. The preferred rang ofoxyg n partial pressure in the feed gases 
(which may indude an inert dilu ntgas such as nitrogen in addition to xygen)is5to500psia(moreprsftobly, 
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15 to 250 psi«0 partial pressure. T tal pressure In the oxMaiion reaction zone should be sufficient to mainlaln 

rh:tiK^,rn:,3;e"'''^'*'""'""^^ 

i«J!!^Jl?»!?"l^ epoxldlzed In the process of this Invention may be any o^janic compound havlni, at 

^^n^ '"'^^!:!^"*"^ ^'^>- ^y*^"' ^'^'^^ chain SeZp^eraZ 

may be pr^n In the olefin; dienes. trienes. and other polyunsatorated substrates thus mayte used tSS 
^« of suitable subsUBtes indude unsature^^ 

oend^ and oligomenc or polymeric unsaturated compounds such as pdybutadiene ^ 

ethJ^;<3S"lK£l" ""^ tf^" hydrecarbon substiluents such as hallde. caiboxyllcacW 

ethi^.hydroxyl. thiol, nlln^oyano. ketone, acyl. ester, anh^^^ "oxyiicacw. 

u.n^jS^ S P"'*^* °^ '"ve"t»n lnd"d« ethylene, propylene the bu- 
f te^^t""' 'l! ^-•'««-e.3^'exene. I^eptene. l-octeneTdibo^Ej^cneS^ 

S^'n^SZSlI'c^" f 1-nonadecene. I^ene. the trimere and tetra^en, S 
S!Sr i^?^^' cyclopentene. cydohexene. cydoheptene. cydooctene cydoocta- 

^^ '^^"^J:^: cydododecalrlene. dicydopentadiene. methyl^<^p;,2 mSSS^SS^^ 
tane. methylenecydohexane. vinylcydohexane. vinyl pydohexene. methalW tetoTdlylSrid^^ 
mide. acrylic acid, methacrylic add. crotonic add. vinyl acetic add. crotyl chioriTLha^i^cWo^^^^ 
f^.T. ""^ acrylateT«^J^^lLTrte^ JSml eU 

dialM phthatete. unsalumted Wglycerides such as soybean oil. and unsaturated fatty ac WsTi^rw oSic aS' 

dK and triglyceride estere). and alkenyl aromatfe compounds sudi as styrene. alpha-metlvl styrSe b^ 

■ 2^«'thyl-3-Pheny|.2.propen-lH)l. dnnamyi acetate, cinnamyl bromide, dnnamyl ddoride 4- 
attbenemrthand. ar^nethyl styrene. ar-ethyl styrene. ar-tert-butyl styrene. arohlorostyrenV 1 ^Ze^vt 
ethylene vinyl benzyl diloride. vinyl naphthalene, vinyl benzofc adJ. ar^L^^ .tjZiTlUw 
O-e.. v,nyl phenol). 2-or Whyl indene. 2.4.6.trimethylstyrene. 1-phen,J^oCe I^SS 
benzene, vinyl anthracene, vinyl anisde, and the ll« -«»«"nexene. i.*a«sopropenyl 



^T*" "S' ^' ^"^ °' ^ «~ from the group ooneisting of hydrogen 

C,-^alkyl. CrC„ cydoalkyi. C^aikyl cydoalkyl. C^C^aryl.and (VC« aVikyl. 

2^^^ ^^"^^ 100=^ to ^=''00 the daf In contains one ethylenlcally un- 

aatoratod flrouf^The molar ratio of ethylenicany unsaturated groups in the olefin substrate to Iwdro^n 

^ ^^''^ '^"^ Of from 1:10 to 10:1. One equivalent of hydrogen peroxide Sh3l(Sly 

T equivalent Of a monc^unsaturated defln substrate, bit It my to desirableTCSj 

an exce8sofonereactenttooptimlze«ilectlvltytotheepoxlde.Akeyadvantegeofthe process ofthisT^ 

toor«'!S?i',*^''''r"'^''"^~'*''^"«"^^'«'«^^ 

Ivt^lTli^' "^'"f"*" °f ^l*^'" to M«naen peroxide is requitBS. H^h jjl^of e^ 

mayberoahzedua,ngasl,flht(i.e..5-75%)molarexcessofdeflnrolativ t hydrog n peroxide (ie tiSZar 
rato Of olefm to hydrogen p roxid is from 1.05:1 to 1.75:1). The hydrogen pZid is thus I^ei n a vt^ 
ef ldentmannenlitu ofthe hydrogen peroxide Is wasted through non-eSecti decomposlH nTyTtire 
wrthoutoxKlati nofandeflnmolecule).SInoehydroflanperoxid raiaBvelycortiy toJLrate t^me^^s 
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thatth overall integrated process of th Invention may be economically practised on a oornmercial seal .Ad- 
ditionally, processing costs arising from recovery and recycling of olefin are mlnlnrdzed sinoe there Is no need 
to employ a laig excess of olefin in order to optimize poxidesdecttvity. in contrast to known epoxldatlon 

5 processes employing oiganic hydropennddes and molyt)denum-oontalning catalysts. 

The titanium sflicalites usetui as catalysts in the epoxidation step of the process comprise the class of zeo- 
iltic sut)stances wherein titanium is substituted for a portion of the silicon atoms in the lattice framework of a 
siricalite molecuiar sieve. Such substances are well-known in the art and are described, for example, in U.S. 
Pat No. 4.410,501 (Taramasso et al.), U.S. PaL No. 4.824.976 (Qerici et al.), U.S. Pat Na 4.668,6d2 (Tara- 

10 masso et ai.), ThangaraJ et al., J. Catal. 130. 1 (1991). Reddy et al.. Applied Catai. 58, L-1 (1990). Reddy et 
al., J. Catai. 130, 440 (1991). Reddy et al.. Zeolites 12. 95 (1992). Belgian Pat Pub. No. 1.001,036 (BeflussI 
et al.). Huybrechts et al., J. Moi. Catal. 71. 129 (1992). Huybrechts et ai., Catal. jjetter 8, 237 (1991), U.S. Pat 
No. 4.656,016 (Taramasso ^ al.), U.S. Pat No. 4,859,785 (Beliussi et al.), European Pat Pub. Na 269,018 
(Bellussi etal.), U.S. Pat Na 4,701 ,428 (Beliussi et al.). U.S. Pat No. 4.937,216 (aerici ^ai.), European Pat 

is Pub. No. 311.983 (Padovan et al.). European Pat Pub. No. 132,650 (Saleh). U.S. Pat Na 6,082,641 (Popa 
et a!.), aerici et al., J. Catal. 129.159 (1991), Bellussi et al., J.Catai. 133, 220 (1992), Szostak. Molecular 
Sieves-Principles of Svnthesls and Identification, pp. 260-252 (1989). and Notari, "Synthesis and Catalytic 
Properties of Titanium Containing Zeolites", Innovation in Zeolite Materials Science. Grobet et al.. Eds., 413 
(1988). The teachings of these publicattons are incorporated herein by reference in their entii^. 

20 Partkwiariy preferred titanium sllicalltes include the classes of molecular sieves commonly referred to as 
TS-1" (having an MFf topology analogous to that of the ZSM-5 aluminosilicate zeolites). TS-2" (having an 
MEL topology anak)gous to that of the ZSM-11 aluminosilicate zeolites), and "TS-3'' (as described in Belgian 
Pat Na 1,001,038). The titanium sDteaiite preferably contains no metals other than titanium and silica in the 
lattice framework. 

25 Preferably, essentially all of the titanium present Is In the zeolltB-like lattice Ihamework. The catalyst itself 
preferably does not contain any appreciable amount of any amorphous phase or a crystalline phase other t han 
the crystalline titanium silicalite phase. As will be explained subsequently, however, the use of a binder or sup- 
port in oomblnatk>n with the titanium sllk»lite may be advantageous under certain circumstances. 

Catalysts suitable for use In the process of this invention preferably have a composition corresponding to 

30 thefoliowing empirical formula xT102 (1-x)Si02. where x Is between 0.0001 and 0.600. More preferably, the val- 
ue of x is from 0.01 to 0.125. The molar ratio of SfcTi In the latlkje fr&.nework of the titanium snicalite is advan- 
tageously from 9.5:1 to 99:1 (most preferably, from 9.5:1 to 80:1). TTie use of titanium-rich sflicaiites as descri- 
bed in co-pending European patent applteatton filed on the same day as this case and entitled "Epoxidatton 
Process Using Titanhjm-Rich Siltealite Catalysts" (Agenfs Ref No. 17274) Is partteuiariy preferred wherein x 

S5 between 0.045 and 0.1 25. 

The.amount of catalyst employed is not critical, but should be sufficient so as to substantially accomplish 
the desired epoxkiation reaction in a practicably short period of time. The optimum quantity of catalyst wOl de- 
pend upon a nwnber of factors inckjding reaction temperature, olefin reactivity and concentration, hydrogen 
peroxide concentration, type and concentration of oiganlc solvent as wd! as catalyst activity. Typically, how- 

40 ever, the amount of catalyst wOl be from 0.01 to 10 grams per mole of olefin. The concentration of titanium in 
the total epoxidation reaction mbcture wSI generally be from about 10 to 10.000 ppm. 

The catalyst may be utilized in powder, pellet microspheric, mondkhtoor any other suitable physical form. 
The use of a binder (co-gel) or support In combination with the titanium sOlcailte may be advantageous. Sup- 
ported or bound catalysts may be prepared by t he met hods known in t he art to be effective for zeolite catalysts 

45 in general. 

Illustrative bindere and supports include silica, alumina, silica-alumina. sQIca-titania, silica-thoria. silica- 
magnesia, sQica-zinonia. silica-beryllia, and ternary compositions of silica with other rectory oxides. Also 
useful are clays such as montmorllionttes, kaolins, bentonites. halloysites, dickites, nacrites, and ananxites. 
The proportion of titanium 8illcallte:binder or support may range from 99:1 to 1 :99, but preferably is from 5:95 

50 to 80:20. The methods described in U.S. Pat. No. 4,701,428 (incorporated herein by reference in its entirety) 
may be adapted for the preparation of mterospheres containing oligomeric silica binder and titanium silicalite 
crystals which are suitable and preferred for use In the process of this Invention. 

The catalyst may be treated with an alkaline (basic) substance or a silylating agent so as to reduce the 
surface acidity, as described in U.S. Pat No. 4,937,216. 

55 Whil th aryl-substituted s oondary alcohol and aryl-substitut d keton pros nt in the oxidant mixture 
s rv asaneffectiv reaction medium forth epoxidation step, it may be advantageous to employ an additional 
oo-s Ivent such as a ketone ( .g.,aceton .ntethyl thyiketon ),alcoh l(e.g..m thand. thanoi. isopropanol. 
n-butanol, t-butand). ther (e.g., di thyl ther, tetrahydrofiiran, dloxane), nitrile (e.g., acetonltril ). aliphatlcs 
or aromatic hydrocarb n, halog nated hydrocarb n, and the lik . The use of m thanoi as a co-solvent Is par- 

6 



EP0 568337 A2 

llcularly preferred, as ev n relatlvety low conoentrallons of this co-soivent (5-40 weight percent of the total 
action mixture) have been found to markedly improve th rate of reaction and epoxide seiecOvfty. 

The reaction temperature is not criticai, tHJt should k>e sufficient to accomplish substantial conversion of 

5 the olefin to epoxide within a reasonably short period of tim . it is generally advantageous to carry out the 
reaction to achieve as h^h a hydrogen peroxide conversion as possible, preferably at least 50% and desirably 
at least 90%, consistent with reasonable selectivities. The optimum reaction temperature will be influenced by 
catalyst activity, def in reactivity, reactant concentrations, and type of sohfent emplc^ed, among otherlieictors, 
but typically wiO be in a range of from about O^'C to 1 50^. Reaction times of from about 1 0 minutes to 48 hours 

10 will typically be appropriate, depending upon the above-identified variables. Although sub-atmospheric pres- 
sures can be employed, the reaction is preferably performed at atmospheric pressure or at elevated pressure 
(typically, between 1 and 100 atmospheres). Generally. It will be desirable to maintain the reaction components 
as a liquid mixture. 

The epoxidation step of this Invention may be carried out in a batch, continuous, or semi-continuous man- 

is nerusing any appropriate typeof reaction vessel or apparatus such as af Ixed bed, transport bed, stirred slurry, 
or CSTR reactor. Known methods for conducting metal-catalyzed epoxidations of olefins using hydrogen pei^ 
oxide will generally also be suitable for use. Thus, the reactants nray be combined all at once or sequentially. 
For example, the hydrogen peroxide may be added incrementally to the reaction zone. 

Once the epoxidation has been carried out to the desired degree of conversion, the epoxide product may 

20 be separated and recovered from the reaction mbdure using any appropriate technique such as fracdonal die- 
tfllation, extracdve distiliation, liquid-liquid extraction, crystallization, or the lOce. After separating from the epox- 
idation reaction mixture by any suitable method such as filtration, the recovered titanium stlicalite catalyst may 
be eoonomically re-used in subsequent epoxidations. SimHarly. any unreacted olefin or hydrogen peroxide may 
be separated and recycled or otherwise disposed of. 

25 The epoxide arKi unreacted olefin are preferably separated from the aryl-substitutcd secondary alcohol 
and aryl-substituted i^etone prior to the hydrogenation step of the process. However, If desired, one or both 
the epoxide and olefin may be converted to alcohol and saturated hydrocarbon respectiveiy by subjecting these 
components to hydrogenalion. In the hydrogenation step, the aryl^ubstituted Icetone is reacted with hydrogen 
in the presence of a transition metal hydrogenation catalyst under cond Itions effective to convert ail or a portion 

30 . of the lactone to the aryi-substltuted secondary alcohol. The transition metal in the hydrogenation catalyst is 
most preferably palladium, platinum, rhodium, chromium (as in copper chromite). rhodium, nldcei, orruthen^ 
um. The hydrogenation is suitably carried out at a temperature of from O^C to 200^ and a hydrogen pressure 
of between 1 and 200 atmospheres. 

Transition metai-oontaining catalysts suitable for use in the hydrogenation step of the process of this in- 

35 vention Include, but are not limited to. palladium supported on a carrier such as activated carbon (charooal), 
silica gel. alumina, ail^aiine earth cart)onate. or sulfate, diatomaceous earth, pumice and the IDce (especially 
supported palladium catalysts which have been pretreated with a basic compound such as aqueous sodium 
hydroxide, as described in Japanese Kolcai Pat Pub. No. 61 -204147). catalysts comprbing copper distributed 
in a zinc oxide matrix (such catalysts, which may also be referred to as reduced copper oxide-zinc oxide cat- 

40 aiysts, are described in U.S. Pat Nos. 3,927,120 and 4,927,121), copper chromite catalysts (as described in 
U.S. Pat Nos. 2.137.407 and 2.125,412) bariunHX>pper chromite catalysts containing zinc (as described in 
U.S. Pat No. 4.206.539). Raney nidcel, palladium oxide, palladium black, ruthenium supported on carbon or 
alunrdna, niclcel supported on diatomaceous earth, platinum supported on carbon, rhodium supported on car- 
bon, ruthenium supported on carbon, rhodium-platinlum oxide catalysts, copper-chromium catalysts (as de- 

45 scribed In U.S. Pat. Nos. ^644,766. 2.554,771, 2.575,403, and 2,675.404). catalysts comprising calclumoxide. 
copper oxide, and vanadium oxide (as described in U.S. Pat No. 2,400,959), and catalysts containing copper, 
zinc, and alumina obtained by hydrogenative reduction of precursor pellets comprising an aluminum oxide ma- 
trix, zinc oxide, and cupric oxide (as described in U.S. Pat No. 2,234.100). The temperature, hydrogen pre^ 
sure, and catalyst concentration during hydrogenation are selected so as to accomplish substantial (i.e., at least 

50 50% and more preferably at least 80%) oonveraion of the aryl-substituted Icetone to aryl-substituted secondary 
alcohol within a practicably short reaction time (i.e., approximately 15 minutes to 12 houre) without overreduc- 
tion of the ketone to aliphatic or aromatic compounds which do not contain hydroxy! groups. The optimum hy- 
drogenation conditions will vary depending upon the type of catalyst selected for use and the reactivity of the 
aryl-substituted ketone, but may be readily determined by one skilled in the art with minimal experimentation 

55 based on th known art pertakiing to keton hydrogenatk>n. Typtoally, temperatures of thxn ab ut 20^'C to 
1 7S^C and hydrogen pressures of from about 1 to 200 atmospheres wfli be appropriate for use. Catalyst con- 
centrations offrom about 0.1 to 10 weight p rcent based n the weight of th k tone/alcohol mbcture recovered 
after removal of poxidewillg neraiiy be suitable. 

in a particularly pref rred mbodim ntofthisinv nti n,th transition m tal hydrogenati n catalyst is pal- 
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ladium supported on carbon, alumina, or other suitabl support Such catalysts are well-known and ate de- 
scribed, for xampi , In Frief Ider, Practical Catalytic Hvdrog nation, pp. 12-13 (1971) and Fieser, et al., Re- 
agents for Organic Synthesis, p. 778 (1 067). 

5 Nunnerous supported palladium catalysts are also avaOabl from commercial sources. Th amount of pal- 
ladium on the support or carrier is not critical, but typically will vary Ihom about 1 to 20 we^ht percent. The 
catalyst will desirably have a relatively high surface area (Le.. at least about 400 m?/g). Appropriate hydrogen- 
ation temperatures for use with such catalysts range from about 20**C to 150^. with temperatures of 30^ to 
lOO^C being espedally preferred. Hydrogen pressures of at least 5 psia are employed, although fester rates 

to of hydrogenation are realized at hydrogen pressures of from 70 to 400 psIa. The supported paOadium catalyst 
Is preferably treated with a solution of alkali metal or alkaline earth hydroxide, carbonate, oxide, carboxylate 
or other basic substance. It may be advantageous for the ketone/aloohd mixture to contain a minor amount 
of water (e.g., from 1 to 5 weight percent) m order to minvnize catalyst deactivatron upon prokHiged operatkm. 
The hydrogenatk>n step may be carried out In a batch, semi-batch, continuous, or semi-continuous manner 

is using any suitable reactk)n vessel or apparatus wherein the ketone may be Intimately contacted with the tran- 
sition metel hydrogenation catalyst and hydrogen. As the cateiyst Is normally heterogeneous in nature, fixed 
bed or siurry-type reactors are especially convenient for use. 

Figure 1 illustrates one embodiment of the integrated epcoddatkm process of this Inventton wherein a rel- 
atively light olefin such as propylene is epoxidized to yiekJ a volatile epoxide. A stream comprfaed of aryl- 

20 substituted secondary alcohol passes via line 21 into alcohol oxkiatk>n zone 1 wherein the secondary alcohol 
Is reacted with molecular oxygen to form an oxidant stream comprised of hydrogen peroxkle, aryl-substltuted 
ketone, and excess aryl-substituted secondary alcohol. The molecular oxygen is provided by air introduced 
via line 2. The temperature, pressure and the rates of addition and concentration of the reactants are preferably 
maintained in zone 1 effective to maintain the oxygen absorptton rate in the liquki phase at 90% or more of 

25 the maximum oxygen absorptfon rate. The water content of the reaction mixture Is desirably mainteined below 
4 wt %, preferably bdow 2 wt % and most preferably betow 1 wt % by stripping water formed during the ox- 
klation out of the reactton mbcture with unreacted oxygen and/or Inert gases via line 3A. Preferably, the oxygen 
partial pressure in these gases is regulated at a value not more than 3.0, preferably not more than 2.0. times 
the minimum value at the maxinmjm oxygen absorption rate. 

30 in especially preferred practice, reaction zone 1 is comprised of a plurality of separate reactbn zones. The 
llquki reaction mixture is passed In series from one zone to the next whfle the oxygen-oontelning gas it intro- 
duced in parallel to each of the reaction zones. Each zone Is thoroughly back-mbced. Hydrogen peroxkie con- 
centration is lowest in the f Iret zone and increases In each successive zone, reaching a maximum In the final 
zone. 

35 The oxidant mbcture contelning hydrogen peroxide passes from zone 1 via line 3 and may be used directiy 
as the source of oxkiant in the olefin epoxldatk>n reaction whteh takes place In olefin epoxldatk>n zone 4. Al- 
ternatively, the oxidant stream may be further processed or purified prior to introduction into zone 4. although 
a distinct advantage of t his process is that such a purification to not necessary in order to achieve high epoxide 
yields. 

40 The olefin to be epoxidized is fed Into zone 4 via line 6, while the titanium siilcallte cateiyst is introduced 
via line 5. Alternatively, the titanium siicaiito may be deployed in zone 4 as a fbced bed. The resulting reaction 
mbcture is mainteined at the desired temperature and pressure in zone 4 for a time sufficient to convert a least 
a portion, and preferably at least about 50%, of the olefin to epoxide, thereby consuming a portion of the hy- 
drogen peroxWe (preferably, substantially all of the hydrogen peroxide is consumed). The crude epoxidation 

45 product thus obtained passes through line 7 to epoxide purifK^tion zone 6 where it is separated by Itactional 
distillatton or other such means into a recycled olefin stream (returned to olefin feed line 6 or olefin epoxidation 
zone 4 via line 9). a lighte ^ream containing water and/or organics having a boiling point less than that of the 
epoxide (withdrawn via line 1 0), an epoxide stream containing the desired epoxide product (withdrawn via line 
11). and a ketone/alcohoi stream comprised of the secondary alcohol and the corresponding ketone (wlth- 

so drawn via line 1 3). If unreacted hydrogen peroxide is present, it may either be removed in the form of an aqu- 
eous or organic sdutton or decomposed by some suitable method. If a oo-solvent such as methanol has been 
used, ft is preferably separated from the epoxidation reaction mixture by distillation or other sinuiar means and 
recycled to zone 4. If desired, a heavies stream containing organic compounds having boiling points higher 
than that of the alcohol and ketone as well as the titanium siilcallte catalyst may be separated and withdrawn 

55 vialin 12.Th titanium saicalite catalyst may b recovered from this stream and returned to th olefin epox- 
kJatKHi zone via line 5. Alternatively, th titanium silicaiite may b recov redlromth poxklatton reaction prod- 
uct prior to s paratbnofany ofth organic comp n ntsth reof. 

Optionally, furth r purificati n of the k tone/alcohd stream may b carri d out In ketone/alcohol purifica- 
tion zon 14 by any suitabl means such as distillation, oountercurrent extraction, or th like. Certain oonr>- 
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pounds such as phenols may be present In th ketone/aloohol stream which may t nd to Inhibit the md cular 
oxygen oxidation of th secondary alcohol to hydrogen peroxide and k tone. It Is th refore desirable to treat 
this stream in zone 14 to remove such comp unds or to convert th m into non-lnhibitive compounds. Prefer- 

5 ably.ZDn 14 comprises both distfllation and caustk; and/or ton xchange treatment means. Additionally heav- 
ies may be withdrawn via line 15 and make-up secondary akxihol Introduced via line 16 as necessary. The 
purified ketone/aioohol stream Is passed via line 17 to hydrogenatton zone 18 wherein the stream is reacted 
with hydrogen (introduced via line 10) in the presence of a suitable hydrogenatton catalyst such as a supported 
platinum, nkksH, copper ctiromlte. ruthenium, or palladium catalyst (introduced via line 20 or deployed as a 

10 fixed bed in zone 1 8} so as to convert at least a portion, and preferably substantially all. of the aryl-substituted 
ketone generated in aloohd oxidation zone 1 back to aryl-substituted secondary alcohol. The hydrogenated 
stream produced in zone 18 Is passed via line 21 to alcohol oxidation zone 1. This integrated process is pre- 
ferably operated In a continuous manner such that the desbied epoxkle is the only major oiganto product and 
the ketone is recycled. 

15 From the foregofrig description, one sidlled In the art can readily ascertain the essential characteristics of 
this inventton, and, without departing from the spirit and scope thereof, can make various changes and mod- 
ifications of the Inventton to adapt It to various usages, conditions, and embodiments. 

The foitowing examples further Hiustrate the process of this Invention, but are not limitative of the invention 
In any manner whatsoever. 

20 

EXAMPLE 1 
Step A 

25 An oxidant mbdure was prepared by air oxklation of alpha-methyl benzyl aloohd In accordance with the 
procedures U.S. Pat No. 5.039.508. said mixture comprising ca. 5 weight % hydrogen peroxkje 1 weight % 
water, 66 weight % alpha-methyl benzyl alcohol, and 28 weight % acetophenone. Minor anfKMints of active oxy- 
gen-containing organic compounds such as ethyl benzene dihydroperaxide and ethyl benzene hydroperaxkle 
were also present 

30 

StepB 

The oxidant mixture generated In Step A (100 mL) was charged to an isco pump. A 300 mL glass-lined 
autoclave was charged with TS-I" titanium siilcalite catalyst (0.56 g). nDethanol (25 mL), and propylene (16 
S5 mU 0.20 mole) and heated to 40^*0. The oxidant mixture in the Isco pump was added to the contents of the 
autoclave while Erring. The molar ratio of olefin to hydrogen peroxide was ca. 1 .5:1 . The reaction mbdure was 
stirred for an additional 2 houra at 40-50''C after addition of the oxidant mixture was completed. Analysis of 
the reaction product indicated that 70% hydrogen peroxkie conversion and 89% selectivity to to propylene ox- 
ide based on hydrogen peroxkte had been achieved. 

40 

StepC 

The components of the reaction epoxidation product are recovered by removing the Insoluble titanium sil- 
icaiite catalyst by fOtration and distilling off the propylene oxide (b.p. 34*^0/760 mm Hg). The bottoms fraction 
45 containing alpha-methyl benzyl aloohd is combined with a oommercially available 5% palladium on activated 
carbon catalyst (5 parte by weight catalyst per 100 parte by weight of the bottoms fraction) and reacted 2 houra 
at 50''C under a hydrogen atmosphere (200 psia) to achieve at least 80% conversion of the acetophenone to 
alpha-methyl benzyl alcohol. The hydrogenated product may subsequentiy be re-oxidized with molecular oxy- 
gen to yield a new oxidant mbdure suitable for use In another olefin epoxidation cycle. 

so 

EXAMPLE 2 

Example 1 was repeated using a larger amount (1 .1 2g) of titanium siilcalite catalyst The converalon of hy- 
drogen peroxide in Step B was increased to 87% while the propylene oxide selectivity remained high (88%). 

55 

COMPARATIVE EXAMPLE 3 

This example demonstrates th advantag s of mpioying an oxidant mbdure derived from an aryl- 
substituted secondary aloohd in th int grated process of this inventi n instead fan oxidant mbcture derived 
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from cydohexanol. 

An oxidant mixture nominally comprised of cydohexanoi (65 weight %), cydohexanone (30 weight %), and 
hydrogen peroxide (5 weight %; 0.15 mole) was (xmtacted with propylen (16 mU 0.20 mo! ) in the pres noe 
of nrs-r titanium ailcalite (containing 1.4 weight % Ti) for 45 minutes at dO^'C. The <»ddant mixture had been 
prepared by stirring a mixture of cydohexand (70 mL). cydohexanone (30 mL), 50% aqueous hydrogen per- 
oxide (10 mL) for 4 hours at room temperature, adding magnesium sulfate (30 g), stirring for an additional 30 
minutes, and then fOtering (the resulting oxidant mixture doseiy approximated the reaction product obtained 
by air oxidation of cydohexand and contained a high proportion of a dimeric oiganic peroxide spedes resulting 
from combination of the cydohexanone and hydrogen peroxide). Hydrogen peroxide conversion was only 32%. 

Selectivity to propylene oxide was relath^ely low (53% based on hydrogen peroxide), resulting In an overall 
yield of epoxide of only 1 7% as compared to yidds of about 81 % using an oxidant mixture derived frxxn alpha- 
methyl ben2^ afcohd under comparable conditions. 

COMPARATIVE EXAMPLE 4 

This example demonstrates the advantages of utilizing an oxidant mixture derived from an aryl-sub^ituted 
secondary aloohd in the integrated process of the invention instead of an oxidant mixture derived from iso- 
propand. 

An oxidant mbdure nonrdnally comprised of isopropanol (ca. 66 weight %), acetone (ca 29 weight %). and 
hydrogen peroxide (5 weight %: 0.1 5 nwle) was contacted with propylene (16 mL; 0.20 mole) In the presence 
of TS-1" titanium sOicalite (1 .4 weight % Ti) for 4 hours at eO^'C. The oxidant mfadure had been prepared by 
stirring a mixture of Isopropanol (70 mL), acetone (30 mL), and 50% aqueous hydrogen peroxide (10 mL) at 
room temperature for 4 houra, adding magnesium sulfate (30 g), stirring for an additional 30 minutes before 
fOtering to remove the magnesium sulfate (the resulting oxidant mbdure doseiy approximated the reaction 
product obtained by air oxidation of isopropand and contained a high proportion of a dihydroperoxy compound 
resulting from combination of acetone and hydrogen peroxide). While the oonvereion of active oxygen species 
was comparable to that observed when using an alpha-metM benzyl aioohd-derived oxidant mbdure under 
similar conditions (94%), the selecthdty to propylene oxide was only 70%. This was significantly lower than 
the ca. 83% selectivity obtained using alpha-m^hyl benzyl aloohd instead of isopropanol. At least part of the 
lower sdecthrKy was due to the oxidation of isopropand to acetone during the attempted epoxldation. 

EXAMPLES 

A titanium-rich sillcalite catalyst containing an MFI aystalilne phase and 4.4 weight percent titanium was 
prepared In accordance with the procedure described in Thangaraj et al., J. Catal.. 1 30,1 (1 991 ). The catalyst 
(0.73 g) was then charged to a 300 ml glass-lined autodave together with methand (25 mL) and then propy- 
lene (16 mU 0.20 mde). The autodave was equipped with a Teflon" stir shaft and blade and a Teflon" tape- 
wrapped thermoweli. After heating the autodave to 75*C using an external heating coil, a oxidant mbrture con- 
taining alpha-methyl benzyl alcohd, acetophenone, 5.15% hydrogen peroxide, and a minor amount of water 
(total of 100 mL) which had been prepared by air oxidation of alpha-methyl benzyl alcohd was then fed into 
the autodave over a 15 nrunute period while constantly stirring the autodave contents. During the addition, 
the reaction exothermed to 85<'C. The reaction mixture was stirred an additional 30 minutes after addition was 
completed. After coding in an ice bath, the contents of the autodave were analyzed for hydrogen peroxide by 
iodometric titration and for propylene oxide by gas chrontatography. The results obtained were as follows: 
Final H2O2 concentration » 0.11% (0.0040 mde) 
H2O2 oonvereion = 97% 
Propylene oxide produced = 0.12 mole 

Selectivity to propylene oxide (based on hydrogen peroxide) = 64% 

Propylene oxide and catalyst are recovered from the reaction product as described in Step C of Example 
1 and the resulting acetophenone/alpha-methyl benzyl alcohol mixture hydrogenated over a supported palla- 
dium catalyst to recyde substantially all of the acetophenone bade to alpha-methyl benzyl aloohd. 

EXAMPLES 6-7 

These xampi s dem nstrate that the integrat d process of this inv ntion, which uses a "crud " (unpuri- 
fied) oxidant mixture btained by alroxidationofanaryl-substituted secondary alcohol, provides epoxid yi Ids 
equival nt to those btained using purified hydrog n peroxide diluted In a "dean" aloohd/k ton reaction me- 
dium 
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A300 ml glaas-nnedautodave equipped with a T flon" stir shaft and Wade and th rmowell was charaed 
with methanol (25 ml) and TS-rtftaniumslllcallt catalyst (0.73g). followed by liquid propylen (16mL;OJ20 
mol ). Th autoclave was heated to 37«C by means of an external coll attached to a circulating bath. A crude 
<»ddant mixture (100 mL) obtained by air oxidation of alpha-methyl benzyl alcohol and containing 5,1 5 weight 
percent hydrogen peroxide was charged to an Isoo pump and added to the contents of the autodave over a 

1 hour period. The reaction mixture exothermed to 45^ and was stirred at this tempeiature for an additional 

2 hours after addition was completed. The pressure dropped from 120 psia to ca. 42 psia during the reaction 
The external heating coid was replaced with an ice bath and the liquid contente c^the autoclave oool«i to 
20-C. The autoclave was vented and the head removed for product sampling. The reaction product was ana- 
lyzed by lodometric titration (residual hydrogen peroxide) and gas chromatography (organic products). The re- 
suite are shown In Table I below (Example 8). Epoxide selectivity with respect to olefin was over 99%, with no 
detectable amount of propylene glycol and less than 1% of 2-methoxy-1-propanol and 1-inethoxy-2-propanoI 
being produced. 

When the above procedure was repeated using an artificial oxidant mbcture prepared by stirring reagent 
grade alpha-methyl benzyl alcohol (70 mL), acetophenone (30 mL). and 60% aqueous hydrogen peroxide (10 
mL) with magnesium sulfate (30g; used to remove all but ca. 1% water from mixture) and filtering, no significant 
difference in H2Q2 oonvereion, epoxide selectivity, or epoxide yield was observed ((Comparative Example 7). 

Table I 

Bzample No, %H,0, Conversion %P0 Selectivity %P0 Yield 
6 87 88 77 

7* 90 87 78 

^comparative example 



EXAMPLES 8-9 

Examples 6-7 were repeated at a reaction temperature of 80*»C instead of 45^. The results obtained (Table 
II) confirmed that, contrary to expectation, no loss In epoxide selectivity or yield occurs when using an unpurl- 
fied oxidant mixture prepared by air oxidation of an aryl-substitutad secondary alcohol. 



Table II 

Example Ko. %H,Q, Conversion %P0 Selectivity %P0 Yield 
8 97 83 81 

9* 95 84 80 

*comparative example (using purified reagent grade reactants) 



EXAMPLES 10-11 

A flask was charged with methanol (1.6 mL). TS-r titanium slllcalite catalyst (0.13g). allyl chloride (4.6 
m mole), and an oxidate mixture containing 5.15 weight % hydrogen peroxide (1.9 m mole) prepared by air 
oxidation of alpha-methyl benzyl alcohol. The flask was fitted with a reflux condenser and submaiged in a40"C 
oil bath for 3 hours. The reaction mixture thus obtained was analyzed for untreated hydrogen peroxide by lo- 
dometric titration and for organic products by gas chromatography (Example 10 of Table III). The yield of epi- 
chlorohydrin obtained was comparable to that ot)served using a highly purified oxWant mixture prepared by 
combining reag nt grad components (Comparative ExampI 11), This xampie also demonstrates that th 
process of th invention is useful for the production of halog nated poxides 
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Table III 



Example No> %H ^Q^ conversion 



%Hpoxide Selectivity ^Epoxide Yield 



10 



64 



8B 



56 



11* 



58 



90 



52 



♦comparative example 

COMPARATIVE EXAMPLE 12 

This example demonstrates the crWcaiity of selecting a titanium sfllcallte for uae as an epoxWatlon catalyst 
in the process of the invention. 

A 300 mL glass-lined autodave equipped with a Teflon" stir shaft and blade and thermowell was charged 
with methanol (25 rrtL) and a TiOj/SIOi non-zeolltic supported catalyst prepared as described in U.S. Pat. No. 
3,923,843 (0.56 g: 1.0% TIO2 on silica). After sealing the autoclave, liquid propylene (16 mL; 0.20 mde) was 
added. The autoclave was heated to 37*C using an external coil attached to a circulating bath. An attached 
Isco pump was charged with an oxidant mixture prepared by air oxidation of alpha-methyl benzyl alcohol (1 00 
wU4J7% H2Q2; 0.140 mole). The oxidantmixture was added overal hour period: no exotherm was observed. 
After stirring tor an additional 2 houis at 37»C, the external ooil was replaced by an Ice bath and the contents 
of the reaction cooled to 20*C. The autodave was vented and the head renrwved. The reaction mixture was 
analyzed by iodometric titration for residual hydrogen peroxide and by gas chromatography for volatile organic 
products. Only 16% H2O2 conversion was observed; no propylene uxide was detected. This result confirms 
that high yields of epoxide cannot be obtained using this type of heterogeneous catalyst and an oxidant mixture 
comprising aryl-substituted secondary aioohd, aryi-subjstituted ketone, and hydrogen peroxide, even though 
the catalyst, Wke titanium silicalite. predominantly contains only titanium, oxygen, and silicon. Apparently, the 
arrangement of titanium and silicon atoms within a crystalline mdecuiar sieve-type structure Is crudai in order 
for such substances to function effectively as olefin epoxidation catalysts. 

COMPARATIVE EXAMPLE 13 

This example demonstrates the Importance of using an oxidant mbcture derived from air oxidation of an 
aryl-substituted secondary alcohd rather than an organic hydroperoxide as the source of acthre oxygen during 
the epoxidation step of the process of this invention. 

A 300 mL autodave equipped as described In Comparative Example 12 was charged with a 3.0 M solution 
of tert-butyl hydroperoxide In 2.2.4^trimethyi pentane (50 mL; 0.15 mde TBHP) and TS-r titanium sflicalite 
catalyst (1 .10 g). After adding liquid propylene (70 mL; 0.87 mde). the autodave was heated and stirred at 
45'C for 3 houra. Only 12% t-butyl hydroperoxide conversion was observed. No detectable amount of propy- 
lene oxide was present Indicating that t-butyl hydroperoxide cannot be successfully substituted for an oxidant 
mixture derived from oxidation of an aryi-substituted secondary aioohd In the process of this Invention. 

EXAMPLE 14 

The procedure of Example 10 is repeated using aiiyi aioohd as the defin instead of ally! chloride and a 
reaction temperature of 25*C. The expected product Is glycldd. 

EXAMPLE 15 

The procedure of Example 10 is repeated using trans-2-hexene as the defin and a reaction temperature 
of 62^C. The expected product is 2,3-hexene oxide. 



1. An integrated process for th producti n of an epoxid comprising the st ps f 

(a) forming an oxidant mbcture ooniprised f secondary alcohd, an aryl-substituted k tone and hydro- 
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gen peroxide by oontecflng an aryl-substituted secondary alcohol with , ... 

(b) converting an defin to epoxide by oontaoUng the oxidant nibdure with the olefin and a catelytlcally 
rffBcttv amountofatitaniuinsilicalteiand . ^ ^ , •.iK„-«^»i»h 

(c) converting th aryl-substitutBd ketone to the aryl-substituted secondary alcohol by reaction with 
hydrogen In the presence of a transition metal hydrogenaUon catalyst 

2. The preoesa Of dalmlwhersln the titanium allicalle has an MFI or MEL topology. 

3. The process of daim 1 or dalm 2 wherein the titanium sllcdite has a composition conespondlng to the 
chemical formida 

jOlOr (1-x) SI02 

wherein x is from 0.0001 to 0.12S. 
A. The process of any one of dalmsl to 3 wherein the aryl-substituted secondary alcohol has the gene^ 



structure: 



OH 

R-C-R^ 
I 

H 



wherein R and Ri are the same or different and are seladed from allcyl, aryl aikyl. and aryl groups with 
tha proviso that at least one of R or R' Is an aryl group. 

5. The process of daim 4 wherein the aryl-substituted secondary alcohol has the general structure 




wherein and R» are the same or different and are each selected from hydrogen and Ci-C,o alkyi- 

6. The process of any one of claims 1 to 5 wherein the olefin has the general formula 

R» R' 

\ / 

r{ R4 

wherein R' R''. R» and R* are the same or different and are each selected from hydrogen. Ci-C» alkyI, 
CtCm aryl aikyl. CrC„ cydoalkyl. (VC« alkyI cydoakyi and CtCm Cb-C« cydoaikyi. CrC,a aikyl cy^ 
doalkyi and CrCw aryl. 

7. Thepracessofanyoneofdalmsl to6whereintheamountof«tanlumsillcalltBi8from0.01 toiograms 
permdeof lefin. 

8. The process of any one of daims 1 to 7 wherein step (b) in said process is conduded at a pressure of 
b twa n 1 and 100 atmospheres. 
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9- Thepnx»ssofanyoneofdalms 1 tnSwh relnthemdarratioofSfcTlln lattic frmnework of the 
titanium slicalite Is from 9^:1 to 99:1. 

10. ThepKK»8sofanyoneofdaims1to9wheiBhth«molarratloafdef!n:h^ n peroxide In step (b) is 
from 1:10 to 10:1. 

11. The process of any one of claims 1 to 10 wherein methanol Is additionally present during step (b). 

12. The process of any one of claims 1 to 11 wherein the temperature In step (b) is from 0*C to 160"C. 

IS. The prooesa of any one of dairna 1 to 12 wherein the titanium aillcalita haa baen treated with an add- 
neutradizmg agent aeleddd from alkaline substances and silylating agents. 

14. The process of any one <rf dalms 1 to 13 comprising the additional step of separating the epoxMe from 
the aryi-substituted secondary alcohd and the aryl-substltuted ketone pfkw to step (c). 

15. The process of any one of claims 1 to 14 wherein the transition metal In the transition metal hydrogenation 
catalyst fri stsp (c) is sdected from pdiadiinn. platinum, chromium, rhodium, nickel and ruthenium. 

16. The process of any one of dalms 1 to 15 wherein step (c) Is carried out at a temperature of fifom 0»C to 
200"C. 

17. The process of any one of dalms 1 to 16 wherein slap (c) is conducted at a hydrogen pressure of between 
1 and 200 atmospheres. 

ia The process of any one of claims 1 to 17 wherein step (a) is conducted at a temperature of from 100 to 
200«C. 

19. The process of any one of dalms 1 to 18 wherein step (a) Is conducted at a pressure of from 50 to 1000 
psig. 

20. The process of any one of dalms 1 to 19 wherein the oxidant mbdure contains less than 4 weight percent 
water. 

21 The process of any one of dalms 1 to 20 wherein contacting step (a) is carried out in a liquid phase. 

22. A process as daimad In any one of dalms 1, 6, 8, 9. 10. 11, 13, 14, 20 and 21, comprising the steps of 

(a) forming an oxidant mixture comprised of alpha-methyl benzyl alcohd, acetophenone, and from 1 
to 10 weight percent hydrogen peroxide by contading alpha-methyl benzyl alcohol with molecular oxy- 
gen at a temperature of from 1 0O'C to 200*»C and a pressure of tinom 50 to 1000 psig oxygen; 

(b) converting deRn to epoxide by contacting the oxWaht mbdure with an olefin and from 0.01 to 10 
grams titanium sltoalOe par mole of olefin having an IWEL or MFI topology and a chemfcal formula 

xTi02{1-x)Si02 

wherein x Is from 0.01 to 0.125, at a temperature of from 0°C to 150"C and 

(c) converting the acetophenone to alpha-methyl benzyl alcohol by reading the acetophenone with 
hydrogen in the presence of a transition metal hydrogenatton catalyst wherein the transition metal is 
platinum, palladium, chromium, rhodium, nickel or ruthenium at a temperature of from 20 to 150X and 
a hydrogen pressure of from 1 to 200 atmospheres. 

23. The process of daim 22 wherein the Si:Ti molar ratio in the lattfce firamework of the titanium silicalite Is 
from 9.5:1 to 60:1. 

24. The process of dalm 22 or dalm 23 comprising the additional step of separating the epoxWe from the 
aryl-substituted secondary alcohol and the aryl-substituted ketone by distillation prior to step (c). 

25. A process as daimed in any one of dalms 1 to 24 wherein the defin is seleded from ethylene, propylene. 
1-butene, isobutyl ne, 2-butene, l-pentene, cydohexene, allyl chlorid , allyl alcohd. and butadiene. 
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